In oligotrophic lakes and oceans, the deep chlorophyll maximum may form independently of a maximum of phytoplankton biomass, because the ratio of chlorophyll to phytoplankton biomass (in units of carbon) increases with acclimation to reduced light and increased nutrient supply at depth. Optical data (beam attenuation as proxy for phytoplankton biomass and chlorophyll fluorescence and absorption as proxies for chlorophyll concentration) and conventional measurements of biovolume, particulate organic carbon, and chlorophyll from two oligotrophic systems (Crater Lake, Oregon, and Sta. ALOHA in the subtropical North Pacific Ocean) are presented and show a vertical separation of the maxima of biomass and chlorophyll by 50-80 m during stratified conditions. We use a simple mathematical framework to describe the vertical structure of phytoplankton biomass, nutrients, and chlorophyll and to explore what processes contribute to the generation of vertical maxima. Consistent with the observations, the model suggests that biomass and chlorophyll maxima in stable environments are generated by fundamentally different mechanisms. Maxima in phytoplankton biomass occur where the growth rate is balanced by losses (respiration and grazing) and the divergence in sinking velocity, whereas the vertical distribution of chlorophyll is strongly determined by photoacclimation. A deep chlorophyll maximum is predicted well below the particle maximum by the model. As an interpretation of these results, we suggest a quantitative criterion for the observed coexistence of vertically distinct phytoplankton assemblages in oligotrophic systems: the vertical position at which a species occurs in highest abundance in the water column is determined by the ''general compensation depth''-that is, the depth at which specific growth and all loss rates, including the divergence of sinking/swimming and vertical mixing, balance. This prediction can be tested in the environment when the divergence of sinking and swimming is negligible.
Subsurface maxima of phytoplankton biomass and/or chlorophyll often occur in clear waters in the ocean and in lakes-for example, the deep chlorophyll maximum at the base of the euphotic zone is a ubiquitous feature (Riley et al. 1949; Steele and Yentsch 1960; Venrick et al. 1973; Cullen and Eppley 1981; Cullen 1982) . A basic understanding of the generating mechanisms for these vertical maxima is important for the assessment of the functioning of the pelagic food web and for the application of remote sensing techniques to infer vertically integrated values of biomass and primary productivity. Current textbooks in biological oceanography (e.g., Jumars 1993; Mann and Lazier 1996) do not provide a consistent explanation for the existence of subsurface pigment and/or phytoplankton biomass maxima. In the present article, we provide a mathematical framework that is consistent with observations and revisit explanations 1 Corresponding author (kfennel@imcs.rutgers.edu).
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that have been given in the past. Our approach is based largely on the insightful analyses of Riley et al. (1949) , Steele and Yentsch (1960) , and Steele (1964) , three important studies that unfortunately have been largely ignored.
A variety of different explanations for the creation and maintenance of subsurface maxima of phytoplankton biomass or chlorophyll have been given since the 1950s (see Cullen 1982) . Riley et al. (1949) combined photosynthesis, respiration, grazing, and sinking in a simple mathematical model to describe the vertical structure of phytoplankton biomass, with no clear distinction made between phytoplankton biomass and chlorophyll. The model produced subsurface phytoplankton maxima at or above the daily mean compensation depth (where growth and community respiration rates balance, significantly above the observed deep chlorophyll maximum). A number of studies focused on a reduction of the sinking velocity with depth as a mechanism that could result in vertical maxima of biomass below the compensation depth at the base of the euphotic zone (Steele and Yentsch 1960; Lerman et al. 1974; Bienfang et al. 1983 ). Steele and Yentsch (1960) suggested a reduction of the sinking rate in the dark, nutrient-rich waters near the nutricline. Bienfang et al. (1983) reported that low light levels alone could reduce the sinking velocity. Lerman et al. (1974) suggested a decrease in the sinking velocity with depth due to dissolution of the sinking particles.
In 1964, Steele postulated a qualitatively different, physiological mechanism for the creation of the deep chlorophyll maximum. He argued that sinking is unlikely to be an important factor in the oligotrophic ocean, where phytoplankton are often motile and where large downward fluxes by sinking particles appear as an inefficient response to the stable, nutrient-limited conditions. He suggested that, in those oligotrophic waters, the chlorophyll maximum does not represent a biomass maximum but is due to increased chlorophyll per biomass at low light levels (i.e., photoacclimation of phytoplankton), and he presented supporting data from the Gulf of Mexico.
Recent advances in optical measurements provide highresolution profiles of beam attenuation and chlorophyll fluorescence and absorption. The beam attenuation has been used as a proxy of particulate organic carbon (POC; e.g., Bishop 1999; Gardner et al. 2000) , and chlorophyll fluorescence and absorption have been used as proxies of chlorophyll concentration (e.g., Cullen 1982) . These new data confirm that a subsurface particle maximum often exists separated from the deep chlorophyll maximum (Pak et al. 1988; Kitchen and Zaneveld 1990) .
Here, we present data that demonstrate the existence and separation of persistent vertical particle and chlorophyll maxima in two stable environments: Crater Lake, Oregon, and Sta. ALOHA in the Pacific Ocean. We revisit the different explanations for the vertical distributions of phytoplankton biomass and chlorophyll concentration and suggest that the mechanisms for the maintenance of the deep chlorophyll maximum and the subsurface particle maxima in clear waters are fundamentally different. Following the methods of Riley et al. (1949) , Steele and Yentsch (1960) , and Steele (1964) , we use a phytoplankton conservation equation that allows the inspection of the different mechanisms responsible for a vertical maximum of phytoplankton biomass. We add a nutrient conservation equation, to show how the dynamics of nutrients may influence the phytoplankton distribution. The addition of a photoacclimation model provides a mechanism for the creation of a chlorophyll maximum separated from the phytoplankton maximum. We support our conclusions by qualitative comparisons with field data and demonstrate that the basic features of the vertical distribution of phytoplankton particles, chlorophyll, and dissolved nutrients are captured in our simple model.
Materials and methods
Data-Optical measurements of in vivo fluorescence or absorption and beam attenuation can yield estimates of phytoplankton pigment concentrations and POC concentrations with much higher vertical and temporal resolution than conventional bottle determinations alone. Fluorescence and absorption are frequently used to determine chlorophyll concentrations (see below). Transmissometer measurements of the beam attenuation have been used successfully in a number of studies to estimate POC concentrations in the open ocean (see below).
At Sta. 13 in Crater Lake, measurements of beam attenuation and chlorophyll absorption were made during June and September 2001. Using a 25-cm path-length WetLabs ac-9, we measured beam attenuation by particles at 650 nm and estimated the chlorophyll concentration from the difference in absorption at 676 and 650 nm (Davis et al. 1997; Chang and Dickey 2001) . Conventional measurements of phytoplankton biovolume and chlorophyll concentration were obtained from bottle samples as described in McIntire et al. (1996) and are available for biweekly periods from 1989 to 2000 for June-September. Measurements of nitrate and organic nitrogen were obtained as described in Larson et al. (1996) for the same period.
At Sta. ALOHA in the subtropical North Pacific, beam attenuation measurements were made between August 1991 and July 1995 using a SeaTech 25-cm path-length transmissometer measuring at 660 nm. In vivo fluorescence data, bottle determinations of chlorophyll, POC, nitrate, and dissolved organic nitrogen (DON), and measurements of primary production are available for the same period on a nearly monthly basis (e.g., Letelier et al. 1996) . For these data, we establish relationships between the beam attenuation and the POC measurements from the bottle samples and between the in vivo fluorescence and bottle determinations of chlorophyll, respectively.
Fluorescence, absorption, and chlorophyll-Ideally, fluorescence and absorption would be expected to increase linearly with chlorophyll concentration. In reality, however, fluorescence per unit of chlorophyll varies in response to changes in nutritional status of phytoplankton, species composition, and time of the day. Fluorescence represents a small and variable fraction of the light absorbed by the photosynthetic apparatus. The fluorescence yield (the ratio of fluorescence to absorption) is very responsive to the ambient light and can change rapidly when shifts in irradiance are experienced by the phytoplankton (e.g., Cullen 1982) . Nonphotochemical quenching of fluorescence has been observed near the surface, and diurnal changes occur (e.g., Falkowski and Raven 1997, their fig. 9.6 ). Absorption of chlorophyll does not suffer from nonphotochemical quenching. For many processes, including primary production, the in vivo pigment absorption (including packaging) is the relevant measure, as opposed to the extracted pigment concentration.
Pairs of fluorescence and extracted chlorophyll data, measured between August 1991 and July 1995 at Sta. ALOHA, are shown in Fig. 1 . To account for possible changes in the instrument performance (due to changes in either its mechanical properties or the electronics), a vicarious calibration was performed in which all profiles were corrected by subtracting the mean signal over the 250-300 m depth interval. This procedure changes the calibration offset but does not affect the multiplicative constant provided by the manufacturer (which may have also changed). The extracted chlorophyll a data were determined by the fluorometric method. The data points appear to be grouped in two distinct branches in the fluorescence-chlorophyll phase plane, representing data from above and below the fluorescence maximum. This grouping might be due to an underestimation of extracted chlorophyll at depth by the fluorometric method, which occurs in the presence of chlorophyll b (Gibbs 1979; B. Bidigare pers. comm.) . Using a robust linear regression model (geometric mean model II; Laws 1997), we found fluores- cence and bottle chlorophyll to be highly correlated (r 2 ϭ 0.91) above the chlorophyll maximum (120 m) (Fig. 1) .
Beam attenuation and particulate organic matter-The beam attenuation coefficient c is the sum of two dominant components, attenuation due to particles, c p , and attenuation due to water, c w (Zaneveld et al. 1994) . c w is constant, and its contribution is usually subtracted from c to obtain c p . Calibrations of c p versus bulk measurements of POC gave good linear correlations (e.g., Gardner et al. 2000) , but there is no universal correlation between POC and c p . Published POC versus c p relationships show variability that can be introduced by variations in particle size distribution or composition (e.g., Morel 1973; Boss et al. 2001) .
We determined c p from the measured beam attenuation profiles by subtracting the mean value of beam attenuation over the depth interval from 250-300 m, which we consider as being representative of the beam attenuation value of particle free water (this value can be interpreted as a depthindependent, nonphytoplankton, background value). In all cases, the determined mean values were close to the value for particle-free water (as per calibration of the Sea-Tech transmissometer). The correlation between c p and bottle measurements of POC was examined using a robust linear regression routine (geometric mean model II; Laws 1997) . c p and POC are highly correlated (r 2 ϭ 0.91, Fig. 2 ), with a relationship that lies in the range of previously reported relationships (Table 1) .
Results
Illustrative examples-Profiles of density, inorganic and dissolved organic nitrogen, beam attenuation and POC, and chlorophyll fluorescence and concentration at Sta. ALOHA (North Pacific) are shown in Fig. 3 . Figure 4 shows profiles of density, beam attenuation, and chlorophyll absorption at Sta. 13 in Crater Lake.
At Sta. ALOHA, the water column is stratified with a weak pycnocline at 50 m depth (Fig. 3) . Nitrate is depleted in the upper water column and starts to increase at 140 m depth. The DON is high in the upper water column (ϳ5 mmol N m Ϫ3 ). Despite the low nitrate concentrations, POC is high in the upper 80 m (ϳ2 mmol C m Ϫ3 ) and decreases below 80 m (to ϳ1 mmol C m Ϫ3 at the fluorescence maximum). The beam attenuation shows a maximum at 50 m depth. The chlorophyll concentration and fluorescence are low at the surface and increase with depth. The maximum chlorophyll concentration is located at 100 m depth, whereas the chlorophyll fluorescence is at maximum at ϳ120 m. Note that the relationship between the chlorophyll concentration and fluorescence changes below the maximum of chlorophyll concentration (see Materials and Methods).
In Crater Lake, the vertical stratification is weaker than that at Sta. ALOHA (Fig. 4) . A pycnocline exists at 20 m depth. In June, a pronounced maximum in beam attenuation occurs at ϳ80 m depth, and the maximum of chlorophyll absorption is located at 150 m depth (Fig. 4, upper panels) . In September, the beam attenuation is at maximum at 80 m depth, and a second maximum exists in the upper 20 m of the water column. The chlorophyll maximum is located at 130 m ( ).
In the above examples, the vertical maxima of chlorophyll fluorescence/absorption and beam attenuation are separated by 50-70 m, and beam attenuation is highest in the upper 80 m of the water column. We argue that the vertical structure of phytoplankton biomass (in units of carbon) can be inferred from the vertical distribution of beam attenuation (proxy for POC) and that these examples show typical vertical distributions of phytoplankton biomass and chlorophyll in oligotrophic systems with a stable water column.
POC includes, in addition to phytoplankton carbon, the carbon biomass fractions of zooplankton, heterotrophic bacteria, and detritus. The relative contributions of phytoplankton, zooplankton, bacteria, and detritus to POC are hard to separate in measurements, because the different functional groups overlap in size. Optical measurements of the shape of the absorption spectrum could potentially help to separate the algal and nonalgal fraction of POC (Morrow et al. 1989; Roesler et al. 1989 ). Although we note that changes in the ratio of algal to nonalgal carbon may contribute to variation in the Chl : POC ratio (e.g., Loisel and Morel 1998), we neglect this component in the following discussion and assume that the vertical distribution of POC resembles that of phytoplankton biomass at Sta. ALOHA. Reported values for the contribution of phytoplankton carbon to POC range from ϳ30% (Beers et al. 1975 ; picoplankton not included) and 50% (Eppley et al. 1988 ) to 70% (Letelier et al. 1996) for the subtropical North Pacific and average 33% at the Bermuda time-series station in the North Atlantic (DuRand et al. 2001) . At Sta. 13 in Crater Lake, time-series data of phytoplankton biovolume are available and allow a direct comparison of phytoplankton biomass and chlorophyll (see of phytoplankton biomass, chlorophyll, and the chlorophyll : biomass ratio at Sta. ALOHA and in Crater Lake in a systematic way using time-series data from both stations. In Crater Lake, we used bottle determinations of chlorophyll and phytoplankton biovolume and calculated the mean vertical distributions for June 1989-September 2000. At Sta. ALOHA, we used daily mean fluorescence and beam attenuation profiles to estimate POC and chlorophyll concentrations. We calculated daily mean profiles, to minimize the effects of nonphotochemical quenching and internal waves. The chlorophyll and POC concentrations in the upper 120 m of the water column were not correlated, and their ratio varied between 0.002 and 0.02 g Chl (g C) Ϫ1 (Fig. 5) . These values are consistent with Chl : C ratios reported elsewhere for the subtropical North Pacific by Sharp et al. (1980) and Eppley et al. (1988) and Chl : C ratios from laboratory studies. Eppley et al.(1988) found phytoplankton Chl : C ratios of 0.011-0.023 g Chl (g C) Ϫ1 in the deep chlorophyll maximum, and Sharp et al. (1980) reported values of 0.0025-0.0156 g Chl (g C) Ϫ1 in the upper 80 m of the euphotic zone. Chl : C ratios reported from laboratory studies vary between 0.0013 and 0.1 g Chl (g C)
Ϫ1 (Falkowski and Owens 1980; Laws and Bannister 1980; Raps et al. 1983; Geider et al. 1985 Geider et al. , 1986 Sakshaug et al. 1989) .
It is known that the cellular Chl : C ratio in phytoplankton acclimates to changes in irradiance, nutrient availability, and temperature (Falkowski 1980; Laws and Bannister 1980; Cullen 1982; Geider et al. 1987; Sakshaug et al. 1989) . Acclimation to changes in irradiance (photoacclimation) has been observed to be rapid (within a few hours) in laboratory studies (Falkowski 1980) , which suggests that the pigment metabolism is highly dynamic. In an actively mixed water column, where cells are displaced vertically on time scales smaller than the time it takes to acclimate to the experienced light shift, the response to the cell's recent light history is affected by the mixing regime. The Chl : C characteristics of these rapidly mixed cells will not reflect the current light condition. In this case, there is no large discrepancy between biomass and pigment distribution (Loisel and Morel 1998) . We discuss the vertical Chl : C structure only for profiles with a stratified water column and consider the water column as stratified if a density gradient ⌬ t Ͼ 0.02 kg m Ϫ4 occurs at a depth of Ͻ50 m.
At Sta. ALOHA, the vertical structures of chlorophyll and particulate matter (Fig. 6) were qualitatively different. The particulate concentrations were at maximum and were relatively constant with depth in the upper 80 m of the water column, slightly decreasing below 100 m. Most of the variation in particulate concentrations (between 1.5 and 3.5 mmol C m Ϫ3 ) occurred between profiles. The chlorophyll concentrations showed little variation between profiles but did show a pronounced increase with depth from ϳ0.06 mg m Ϫ3 at the surface to up to 0.3 mg m Ϫ3 at 120 m in all profiles. The Chl : POC ratio increased exponentially with depth and showed a striking agreement between profiles (Fig. 6) .
In Crater Lake, the mean distribution of phytoplankton biovolume has two distinct vertical maxima (Fig. 7) . A shallow subsurface maximum is located in the upper 20 m. This shallow maximum is a reoccurring feature in August and is due to subsurface blooms of the diatom Nitzschia gracilis . A deeper, more pronounced maximum in biovolume is located between 80 and 100 m. The mean vertical chlorophyll profile is qualitatively similar to those at Sta. ALOHA, with low values at the surface and monotonically increasing concentrations at depth to a maximum concentration at ϳ120 m. The vertical distribution of the chlorophyll to biomass ratio is similar to the Chl : POC profiles at Sta. ALOHA, with monotonically increasing ratios to a maximum at ϳ120 m depth (Fig. 7) .
In summary, these observations show that chlorophyll concentrations in these oligotrophic systems do not represent phytoplankton biomass (in units of carbon), because the ratio of chlorophyll : phytoplankton biomass changes dramatically with depth; phytoplankton grow in the upper part of the euphotic zone, despite the depletion of inorganic nutrients; and, because the maxima of phytoplankton biomass and chlorophyll are separated, the mechanisms for their generation are likely to be different. 
Mathematical framework
We formulate a set of general, one-dimensional differential equations for phytoplankton biomass, dissolved nutrients, and chlorophyll and discuss steady-state solutions for nutrient-saturated and -limited growth of phytoplankton. The model is deliberately simple and is based on the fundamental physical and biochemical processes that determine the vertical distribution of phytoplankton biomass and chlorophyll. We use parameterizations of phytoplankton growth and losses, sinking, and vertical diffusion but neglect much of the complexity in natural systems. We consider this simplicity valuable, because only a few ''tunable'' parameters have to be specified. A simple model can elucidate dependencies that are not easily seen in observations and suggest the likely regulating processes. The only spatial dimension in our model is depth, z. We neglect horizontal processes, although the vertical distribution of phytoplankton can be affected by such processes (e.g., Franks 1995) .
In the case of nutrient-saturated growth, we assume that nutrient supply is sufficient to support optimal growth of phytoplankton. We discuss the effects of a variable sinking/ swimming velocity and a vertical mixing structure that includes a surface mixed layer. We then generalize to allow nutrient limitation by including an explicit equation for nutrients. In this case, the phytoplankton growth rate is depressed at nutrient levels below the saturating concentrations. Finally, we include an equation for chlorophyll to allow for photoacclimation.
A simple phytoplankton model with nutrient-saturated growth-The main processes determining the vertical distribution of phytoplankton are growth, biological losses (due to respiration, mortality, and grazing), sinking, and vertical mixing. A general, one-dimensional phytoplankton equation that includes the above processes can be written as
where P is the phytoplankton biomass (in units of carbon or nitrogen), w s is the settling velocity of phytoplankton, is the growth rate, R is the rate of biological losses (including grazing, respiration, and mortality), and k z is the eddy diffusion coefficient (Riley et al. 1949) . w s , , R, and k z are functions of the depth z and time t. z is defined as increasing toward the sea surface. A comprehensive list of symbols is given in Table 2 . We solved Eq. 1 for steady-state, time-averaged distributions because we want to explain persisting features in the vertical structure of phytoplankton. A system could be assumed to be in steady state if the timescale of adjustment of the system to perturbations is smaller than the timescale at which the system is perturbed. The timescales for adjustment in this problem are on the order of days to a week, as based on dimensional analysis (with the length scale being 1/k d , the timescales are 1/[w s k d ], 1/R, 1/ max , and 1/[k z k ]; see Ta-2 d ble 3). Thus, steady state is a reasonable assumption for nonbloom conditions in the oligotrophic ocean and in higher latitudes between the spring and the autumn blooms and below the atmospherically forced mixed layer. In the steadystate case, the first term in Eq. (1) can be neglected, and the equation is simplified to the second-order ordinary differential equation (ODE)
Equation 2 was derived by Riley et al. (1949) , who analyzed it for constant w s , k z , and a step function of . Steele and Yentsch (1960) analyzed Eq. 2 for variable and w s . Although these two studies did not distinguish between phytoplankton biomass, which is represented by Eq. 2, and chlorophyll concentration, Steele (1964) drew attention to the potential importance of photoacclimation, implying that a maximum in chlorophyll does not necessarily correspond to a maximum in phytoplankton biomass. Riley et al. (1949) noted that Eq. 2 does not have a nontrivial solution for all sets of parameters. There exist combinations of sinking velocity, growth and loss parameters, and diffusion coefficients, which will yield negative values of phytoplankton concentration and for which no physical solution exists. We refer the reader to Riley et al. (1949) , Chlorophyll-specific initial slope of photosynthesisirradiance curve (Fig. 10) 1,500 † kg m Ϫ3 Kinematic viscosity (Fig. 10) 0.001 kg m Ϫ1 s who derived the conditions for the existence of a physical solution for a semiconstant growth rate (step function). Lande et al. (1989) described a method to estimate the net population growth rate-that is, the reproductive rate minus the mortality rate ( Ϫ R), based on Eq. 2. Under the assumption that neutrally buoyant cells (w s ϭ 0), Lande and colleagues estimated the net population growth rate in situ from measurements of vertical distributions of phytoplankton abundance and physical measurements of turbulent diffusion rates as Lande and Wood (1987) estimated the average time a particle remains in the euphotic zone by analyzing stochastic trajectories of individual particles. They showed that the sinking rate of particles within the mixed layer-that is, the region of high turbulent diffusivity-has little effect on the average time particles remain in the mixed layer. However, in the region of low diffusivity below the mixed layer, the sinking rate has a major influence on the average time particles remain in the euphotic zone.
Condition for the existence of a phytoplankton biomass maximum-Examination of Eq. 2 yields a condition for the existence and location of a particle maximum. The condition for a maximum P(z max ) (e.g., Steele and Yentsch 1960) is
In regions of low diffusivity, the particle maximum is usually located below the mixed layer. More specifically, this occurs when k z K w s L, where L is the length scale of the problem, (e.g., the euphotic depth). In this case, we can neglect the diffusive flux term in Eq. 3 and obtain dw s Ϫ R Ϫ ϭ 0 (4b) dz at the particle maximum. In other words, at the particle maximum the community growth rate equals the sum of the biological losses R (due to respiration and grazing) and the divergence of particles due to changes in the settling velocity. Note that this argument is also valid, with minor changes, if grazing and growth are not proportional to the phytoplankton concentration. Although the second derivative of P is zero in this case, it can be shown that the fourth derivative is negative in most relevant cases and, therefore, that a maximum exists.
For passive particles, the settling/rising velocity is proportional to the difference between the density of the particles and the surrounding water. It follows that a gradient in the settling/rising velocity occurs at pycnoclines-that is, the settling/rising of particles contributes to the condition for an extreme in Eq. (3) only at a pycnocline. However, for realistic density profiles, this contribution is not significant, as we will see in the next subsection (see also Steele and Yentsch 1960; Pak et al. 1980) . It has been suggested that variations in the settling velocity due to physiological responses of phytoplankton to light or nutrient conditions can contribute to vertical phytoplankton maxima in a significant way (Steele and Yentsch 1960; Bienfang et al. 1983) . A divergence in the settling velocity is, however, neither sufficient nor necessary for the existence of a particulate maximum. The balance among all the terms (growth, biological losses, and the divergence in sinking velocity) determines the position of the subsurface particle maximum (Eq. 4b).
The condition for a phytoplankton maximum (Eqs. 3 and 4) is general and also applies if we assume a community comprised of phytoplankton cells with different growth, loss, and sinking characteristics. If we assume that each of a number of j different groups of phytoplankton obey
summation of the j equations and definition of the community growth, loss, and settling rates as 1 1 w ϵ w P , ϵ P , and
where P ϭ ⌺ j P j yields Eq. 2.
Process parameterizations-For illustrative purposes, we define parameterizations of growth, biological losses, sinking, and vertical diffusion, which allow us to discuss numerical solutions of Eq. 2. The growth rate is assumed to follow
where max is the nutrient-saturated phytoplankton growth rate, E 0,PAR is the scalar photosynthetically active irradiance, and is the ratio of the initial slope of the photosynthesis-␣ irradiance curve (usually denoted as ␣) and the maximum rate of photosynthesis (often denoted as P ). The scalar B max irradiance as function of depth is parameterized by
with k d as the diffuse attenuation coefficient of the photosynthetically available radiation (PAR). This formulation neglects the change in attenuation for the different spectral components of the downwelling light (Morel 1988) . For the sake of simplicity, we also ignore the effects of the dissolved and particulate material on the attenuation coefficient k d . Because phytoplankton respiration and grazing rates are poorly constrained parameters and are hard to separate in field measurements, we assume R to be constant with depth for the numerical solutions presented in the present article.
For low Reynolds numbers (Re K 1), the sinking of particles is described by the Stokes' law (Gibbs et al. 1971) . The settling velocity of a spherical particle can be parameterized by
where g is the gravitational acceleration; p and w are the densities of the particle and the surrounding water, respectively; is the kinematic viscosity; and r is the particle radius (Lerman et al. 1974) . For spherical particles, the Reynolds numbers are low in the size range 0.3-30 m in radius. The settling velocity depends primarily on the density and size of the settling particles and also on the viscosity of the surrounding water, which is a function of temperature, and on the particle shape. The density of algal cells varies depending on their physiological status, and active buoyancy regulation has been observed (e.g., Villareal et al. 1993 ). Richardson and Cullen (1995) reported near-neutral density in a culture of the diatom Thalassiosira weissflogii under nutrient-replete conditions and an increasing cell density and sinking rate subsequent to nutrient depletion. Contradicting evidence about the connection between nutritional status and sinking rates has been found in natural populations that include various types of phytoplankton (e.g., Bienfang and Harrison 1984) , which suggests that not all phytoplankton respond to nutrient depletion in the same way. For the present study, we do not attempt to parameterize the effect of physiological changes in cell density on sinking rates but consider idealized cases of vertically varying sinking velocities. We parameterized the eddy diffusivity using the BruntVäisälä frequency N 2 , suggested by Gargett (1984) and Gregg et al. (1986) , as
where ⌫ is the mixing efficiency, is the energy dissipation rate, g is the gravitational acceleration, and w is the water density. Gregg et al. (1986) estimated a mean value of ⌫ at the thermocline to be 3.7 ϫ 10 Ϫ10 W kg Ϫ1 .
Numerical solutions for nutrient-saturated growth-To solve Eq. 2, which is a second-order ODE, two boundary conditions need to be specified. We set P ϭ P 0 at the surface and P → 0 for z → Ϫϱ. The specification of the phytoplankton concentration P 0 at the surface might appear as a constraint to the solution, but this boundary condition is necessary to specify one of an infinite number of solutions. Note that every distribution P :ϭ c ϫ P where c is an arbitrary constant solves Eq. 2 if P is a solution. We solved the boundary value problem using the two-point boundary value routine in MATLAB. The model coefficients were chosen to represent the system at Sta. ALOHA and are given in Table 3 .
Solutions for a vertically constant sinking velocity and a vertically constant diffusivity, but different loss rates R, are shown in Fig. 8 . Each solution displays a subsurface maximum at the depth where the growth rate equals the losses R as predicted by Eq. 4a,b. For nutrient-saturated conditions, the growth rate of phytoplankton is monotonically decreasing with depth (we assume that no inhibition of growth occurs near the surface). Hence, growth exceeds the losses above the particulate maximum and losses exceed growth below (for negligible divergence in the settling velocity). This suggests that the loss by community respiration and grazing can be estimated if the phytoplankton growth rate and the location of the phytoplankton maximum are known and no vertical variations in sinking velocity occur.
We illustrate the effect of a vertically variable sinking velocity in Fig. 9 . If the settling velocity w s is calculated on the basis of a realistic density profile and constant particle density using the parameterization in Eq. 5, the resulting divergence in settling velocity is small. The density profile (with a density jump from 1,020 to 1,028 kg m Ϫ3 at 50 m depth) leads to a decrease in settling velocity by Ͻ2%. This has virtually no effect on the particle distribution and the location of the particle maximum (compare the solid lines in Figs. 8 and 9 , which represent the constant sinking velocity and the sinking velocity based on Eq. 5, respectively). This is in line with dimensional arguments presented by Steele and Yentsch (1960) and Pak et al. (1980) that Stokes' settling in connection with realistic density gradients does not produce a significant divergence in sinking rate. On the other hand, Steele and Yentsch (1960) and Bienfang et al. (1983) provided experimental evidence that settling rates decrease because of physiological responses at low light levels in two diatom species. They found that settling rates were reduced by a factor of two at light levels corresponding to the base of the euphotic zone. Richardson and Cullen (1995) observed, in their experiments, an increase in settling rates of a diatom on nutrient depletion that was probably due to the production of ''ballast'' carbohydrates in the cells. In model calculations, they showed that a ballast-related change of sinking rate by 1.1 m d Ϫ1 could be explained by the change in carbohydrate to protein ratios inferred from their batch cultures. We constructed profiles of settling rates that decrease from 1.5 to 0.5 m d Ϫ1 at 30 and 70 m depth, respectively, and calculated the resulting particle distributions ( Fig. 9) . In this case, the divergence of the sinking rate contributes to the condition for the particle maximum (Eq. 3) in a significant way but only if it is located above the compensation depth (the depth where ϭ R). In general, we do not expect a significant divergence in settling velocity in oligotrophic environments. Phytoplankton there are dominated by small, slow-sinking organisms of Ͻ3 m (e.g., Bienfang et al. 1983) , and, as argued by Steele (1964) , sinking appears to be an inefficient strategy for phytoplankton under these stable, nutrient-limited conditions. Note that neither stratification nor a divergence in the settling velocity is necessary for the existence of a particle maximum. In addition, we note that the prediction that ϭ R at the phytoplankton maximum can be tested in the environment (e.g., with primary production and grazing dilution experiments).
So far, all calculations have assumed a vertically constant diffusivity. We can generalize our calculations by including a vertically variable profile of eddy diffusivity. This allows us to simulate a surface mixed layer and to demonstrate how the eddy diffusivity contributes to the location of the particle maximum (second term in Eq. 3). On the basis of Eq. 6 and profiles of the Brunt-Väisälä frequency from Sta. ALOHA (13 casts; 17 February 1993), we estimated vertical eddy diffusivities k z and constructed two profiles of k z with a surface mixed layer of 20 and 80 m, respectively (Fig. 10B) . The resulting particle distributions (Fig. 10A) show that even strong gradients in k z do not affect the location of the particle maximum if it is located above the compensation depth (dash-dotted line). Only if the mixed layer extends below the compensation depth does mixing become an important term in Eqs. 2 and 3 and is the location of the particle maximum shifted (dashed line).
A simple phytoplankton-nutrient model-Thus far, we have assumed that nutrient levels are sufficient to support nutrient-saturated growth of phytoplankton. However, in the oligotrophic ocean, inorganic nutrient levels are low in the euphotic zone, and the particle maximum is usually located in the low nutrient zone above the nutricline. Therefore, we generalize our model to allow nutrient limitation by including the nutrient N as an additional state variable. N represents the dissolved form of the model's nutrient currency available to phytoplankton (N includes the bioavailable organic and inorganic forms). The steady-state nutrient conservation equation is written as
The nutrient and phytoplankton Eqs. 2 and 7 are coupled through the phytoplankton growth rate
where k N is the half-saturation coefficient for nutrient uptake.
To solve the two second-order ODEs, Eqs. 2 and 6, numerically, four boundary conditions have to be specified. We can simplify the system by the following consideration. At steady state, the downward flux of particulate material at any given depth has to be balanced by an upward flux of the dissolved nutrient-that is
This condition can simply be derived by adding Eqs. 2 and 6 and integrating vertically with the provision that the flux approaches zero at infinite depth. Now the problem is simplified to solving the system of the coupled ODEs, Eqs. 2 and 8, and the specification of only three boundary conditions. Like in the case of nutrientsaturated growth, the phytoplankton concentration should approach zero at infinite depth, P → 0 for z → Ϫϱ. We also impose a no-flux condition for nutrients and phytoplankton at the surface. For phytoplankton this is written as w s Ϫ k z (dP/dz) ϭ 0 at z ϭ 0. The no-flux condition for phytoplankton implies no-flux for the nutrient, dN/dz(z ϭ 0) ϭ 0 (following from Eq. 8). As the third boundary condition, we pose that the nutrient concentration at depth is specifiedthat is, N → N 0 for z → Ϫϱ. We prefer the specification of a deep nutrient concentration N 0 over the specification of a surface phytoplankton concentration P 0 , which was necessary in the case of nutrient-saturated growth, because, for application to real systems, information about the deep nutrient concentrations will be more readily available. An implication of Eq. 8 is that the sum of N and P will increase monotonically below the surface until it equals N 0 at depth, because d(N ϩ P)/dz ϭ (w s /k z )P Ͻ 0 for the positive definite P and k z and sinking cells (w s Ͻ 0). Note that the opposite is true when the cells are buoyant (w s Ͼ 0).
A numerical solution for this case is shown in Fig. 11 in comparison with mean profiles of particulate organic nitrogen (PON), nitrate, and total dissolved nitrogen (TDN) from Sta. ALOHA. A maximum of phytoplankton P is predicted similar to the case with nutrient-saturated growth (compare Figs. 8-10 ). The simulated nutrient N is low at the surface and increases rapidly at the location of the maximum phytoplankton concentration until the deep nutrient concentration N 0 is reached (Fig. 11) . Although the simulated and observed mean profiles agree qualitatively, there are differences that we attribute to the simplicity of our model. The observed mean PON profile displays constant values at the surface and decreases monotonically below 100 m, whereas our simulated phytoplankton P shows a pronounced subsurface maximum. The shape of the simulated and observed nutrient profiles differs mainly in steepness, thickness, and location of the nutricline. These discrepancies are not surprising, considering that we assume a single phytoplankton group and neglect the microbial loop and the dynamics of the dissolved organic matter and detritus pools.
Chl a equation-The relationship between chlorophyll and phytoplankton biomass (in units of nitrogen or carbon) is nonlinear and nonmonotonic (e.g., Fig. 5 ), because the ratio of chlorophyll to phytoplankton carbon or nitrogen is variable. Changes in chlorophyll content per cell are due to a physiological response of the photosynthetic apparatus to changes in the light level as well as to nutrient conditions and temperature (Falkowski 1980; Laws and Bannister 1980; Sakshaug et al. 1989) . In stable environments, this process determines the vertical chlorophyll profile (Figs. 6 and 7; Pak et al. 1988; Kitchen and Zaneveld 1990) . To determine the vertical chlorophyll distribution in our model framework, we include the chlorophyll concentration as an additional state variable (Taylor et al. 1997) . The effects of photoacclimation are calculated based on the model of Geider et al. (1996 Geider et al. ( , 1997 . The steady-state conservation equation for chlorophyll, C, is formulated as
where chl represents the fraction of phytoplankton growth devoted to chlorophyll synthesis. Following the method of Geider et al. (1997) , chl is defined as
where ⌽ m is the maximum ratio of chlorophyll to phytoplankton biomass, P, in units of carbon or nitrogen, and ␣ chl is the chlorophyll-specific initial slope of the photosynthesis irradiance curve. chl is regulated by the ratio of achievedto-maximum potential photosynthesis (P)/(␣ chl E 0,PAR C) . The phytoplankton growth rate, , is determined by
For our purposes, we omit the temperature dependence of m that is incorporated in the formulations of Geider et al. (1997) and Taylor et al. (1997) . Note that our steady-state equations for phytoplankton biomass, P, and chlorophyll, C (Eqs. 2 and 9) are coupled through the dependencies in chl and .
The numerical solution of Eq. (9) requires the specification of two additional boundary conditions. Analogous to the boundary conditions for phytoplankton, the chlorophyll concentration should approach zero at infinite depth, C → 0 for z → Ϫϱ, and there will be no flux of chlorophyll across the surface-that is, w s C ϩ dC/dz ϭ 0 for z ϭ 0. The resulting chlorophyll profiles are shown in Fig. 12 . The maxima of phytoplankton and chlorophyll are vertically separated by ϳ50 m. The vertical structure and the magnitude of the phytoplankton and chlorophyll concentrations agree with the observations from Sta. ALOHA (Fig. 6) . The simulated ratios of 0.012-0.025 g Chl (g C) Ϫ1 in the deep chlorophyll maximum and 0.0038 g Chl (g C) Ϫ1 at the surface compare well with the ratios observed in the North Pacific subtropical gyre of 0.011-0.023 g Chl (g C) Ϫ1 at the deep chlorophyll maximum (Eppley et al. 1988 ) and 0.0025-0.0156 g Chl (g C) Ϫ1 for the upper 80 m (Sharp et al. 1980) . The steady-state export flux of particulate matter in this simulation is 0.2 mmol N m Ϫ2 d Ϫ1 at 100 m depth (Fig. 12 ). For comparison, the mean export flux observed at Sta. ALO-HA was 28.3 Ϯ 9.91 mg C m 
Discussion
We present a simple mathematical framework to describe the vertical structure of phytoplankton biomass, nutrients, and chlorophyll. The model includes phytoplankton growth, respiratory and grazing losses, sinking/rising, vertical mixing, and photoacclimation and allows one to explore which processes contribute to the generation of vertical maxima. Elements of our model were present already in the models of Riley et al. (1949) , Steele and Yentsch (1960) , and Steele (1964) .
Our model suggests that maxima in phytoplankton biomass exist at the ''general compensation depth,'' where the growth rate is balanced by losses due to respiration and grazing and the divergence in sinking velocity, provided that the vertical diffusivity is small. According to Stokes' Law, a divergence in sinking velocity could be introduced by a change in water density, but density changes at pycnoclines in natural environments are too small to contribute to the above balance in a significant way. Changes in settling velocity have been observed as physiological response to variations in environmental conditions, for example, in light or nutrient levels (Steele and Yentsch 1960; Bienfang et al. 1983; Richardson and Cullen 1995) , and the resulting divergence in settling velocity can be large enough to affect the location of the phytoplankton particle maximum. However, in stable, oligotrophic environments with a predominance of small cells, we do not expect a significant contribution from the settling velocity and suggest that, in these environments, the biomass maximum is located at the depth where growth and losses compensate. This is a testable hypothesis.
It has been observed that distinct assemblages of phytoplankton coexist in a given water column in oligotrophic systems (Venrick 1982; McIntire et al. 1996; Moore and Chisholm 1999) . Our model suggests a quantitative criterion: a species occurs in highest abundance in the vertical where its species-specific growth and loss rates balance. This is consistent with the findings of Moore and Chisholm (1999) , who have shown that different Prochlorococcus isolates are photophysiologically adapted to low or high light conditions, resulting in different relative distributions in the water column.
Vertical maxima of phytoplankton biomass (in units of carbon) and chlorophyll are often separated (Steele 1964; Kiefer et al. 1976; Pak et al. 1988; Kitchen and Zaneveld 1990) . We provided additional observational evidence for the vertical separation of the phytoplankton biomass maximum and the deep chlorophyll maximum from two oligotrophic systems (Sta. ALOHA in the subtropical North Pacific and Sta. 13 in Crater Lake). In both systems during stable, stratified conditions, phytoplankton biomass is at its maximum concentration in the nutrient-depleted upper 80 m of the water column, well above the chlorophyll maximum located at ϳ120 m. This separation implies an increase in the chlorophyll to biomass ratio with depth, which can be attributed mainly to photoacclimation, although higher nutrient concentrations at depth can also play a role.
Results from laboratory experiments (Geider et al. 1987; Kana and Glibert 1987) and observations from stable, oligotrophic environments (e.g., Kitchen and Zaneveld 1990) suggest that the response of the algal chlorophyll to carbon ratio can be predicted reasonably well and is inversely related to mean irradiance (Steele 1964; Kiefer and Kremer 1981; Geider et al. 1997) . The inclusion of the photoacclimation model of Geider et al. (1997) in our model framework predicted a vertical separation of the phytoplankton biomass and chlorophyll maximum by 50 m, monotonically increasing chlorophyll concentrations that agree well with observed profiles, and chlorophyll to carbon ratios in agreement with observed values from the subtropical North Pacific.
Our model simplifies the functioning of the pelagic ecosystem and its temporal and spatial representation, under the assumption that the system is strictly vertical and in steady state. We only consider one group of ''average'' phytoplankton, neglect food-web and microbial loop dynamics (detritus, dissolved organic matter, and zooplankton are not included explicitly), and assume the respirative and grazing losses of phytoplankton to be constant with depth. The vertical swimming of phytoplankton is also neglected (its average effect can be lumped into the ''eddy'' diffusivity). Although these simplifications certainly hinder a quantitative comparison of model results and observations, they allow the investigation of how basic processes contribute to the vertical structure of phytoplankton biomass and chlorophyll in general. The assumption of steady state will be violated during episodic events of strong physical forcing, nutrient injection, or blooms. The assumption of strictly vertical fluxes will not adequately represent coastal environments. Our model also neglects some feedback mechanisms, like the effect of biomass on light attenuation. Although these are important aspects that could be included, their addition is unlikely to change our conclusions qualitatively.
Chlorophyll is the most widely used index of phytoplankton abundance and productivity in the ocean, mainly because fluorometry and satellite imagery allow efficient observations with high spatial and temporal coverage. Direct measurements of organic carbon or organic nitrogen, which are ecologically more relevant units of phytoplankton biomass (e.g., Cullen 1982) , are much more complicated. Although the relationship between the chlorophyll pigment concentration and phytoplankton carbon content or productivity is highly variable, it is accepted as a ''pragmatic surrogate'' (Falkowski and Raven 1997) and is used in models of primary productivity (Behrenfeld and Falkowski 1997) and for data assimilation in ecological models (Friedrichs 2002; Natvik and Evensen 2003) . The plasticity in cellular chlorophyll quotas impedes a simple conversion from chlorophyll to biomass and a mechanistic description of these variations, and their inclusion in primary productivity and ecological models is needed. We see real potential in using optically derived measures of particle concentration like beam attenuation. For example, productivity estimates could be improved using measures of phytoplankton carbon derived from space and could be assimilated into ecosystem models to constrain model parameters.
